The therapeutic potential of miRNA (miR) in cancer is limited by the lack of e cient delivery vehicles. Here, we show that a self-assembled dual-colour RNA-triple-helix structure comprising two miRNAs-a miR mimic (tumour suppressor miRNA) and an antagomiR (oncomiR inhibitor)-provides outstanding capability to synergistically abrogate tumours. Conjugation of RNA triple helices to dendrimers allows the formation of stable triplex nanoparticles, which form an RNA-triple-helix adhesive sca old upon interaction with dextran aldehyde, the latter able to chemically interact and adhere to natural tissue amines in the tumour. We also show that the self-assembled RNA-triple-helix conjugates remain functional in vitro and in vivo, and that they lead to nearly 90% levels of tumour shrinkage two weeks post-gel implantation in a triple-negative breast cancer mouse model. Our findings suggest that the RNA-triple-helix hydrogels can be used as an e cient anticancer platform to locally modulate the expression of endogenous miRs in cancer.
F ulfilling miRNA (miR) potential in abrogating cancer is challenged by the lack of efficient delivery vehicles capable of releasing miRs to tumour cells [1] [2] [3] [4] [5] . Poor miR in vivo stability, nonspecific biodistribution, modification of endogenous RNA machinery, and undesired side effects may be overcome by an efficient local and sustained delivery platform. The delivery of miRs has been realized using inorganic nanoparticles (for example, gold, magnetic; refs 6,7), liposomes 8, 9 and lipids 10, 11 , micelles 12 , peptide nucleic acids (PNAs; ref. 13) , packaging RNA (pRNA; ref. 14) and polymeric 15, 16 nanoparticles. However, miR dissociation from the vehicle, low vehicle stability and inefficient targeting, all lead to poor silencing efficiency 17 . Self-assembled three-dimensional structures of oligonucleotides have showed promising applicability for imaging and gene delivery mainly using siRNAs (refs 18-22) . DNA triple helices have previously been used either as artificial nucleases or as highly specific repressors, modulating protein recognition of DNA in vitro (refs 23-25) . However, an RNA-triple-helix assembly for miR delivery or for other in vivo applications has not been described before. Here, we hypothesized that the self-assembly of miRs to form a RNA-triple-helix structure would impart high stability and hence improve cancer cells co-transfection efficiency. This selfassembled structure was formed by incorporating two therapeutic miRs that form both Watson-Crick and Hoogsteen hydrogen bonds 26, 27 , thus producing a stable RNA-triple-helix structure for miR delivery. This triple-helix formation induces further stacking within the tertiary structure domain, improving structural stability. The triplex-forming oligonucleotides (TFO) bind antiparallel to the purine-rich strand in RNA, which requires no base protonation and exhibits pH-independent binding 26, 28 . To address the limitations associated with current miR delivery vehicles, we developed an RNA-triple-helix structure for modulating the expression of endogenous miRs in cancer in vivo. Two miR oligonucleotides forming a triple helix were used for an in vivo miR inhibition strategy (antagomiR, a small synthetic ssRNA used to inhibit an oncomiR) and a miR replacement therapy (miR mimic, a mature miR duplex composed of both sense and antisense strands used as tumour suppressor) in an orthotopic triple-negative breast cancer (TNBC) mouse model. TNBC is characterized by a lack of progesterone, oestrogen and HER2 receptors. Thus, TNBC is not responsive to conventional hormonal therapy (such as tamoxifen or aromatase inhibitors) or therapies that target HER2 receptors, such as Herceptin (trastuzumab) 29 , which is a biological macromolecule for targeted therapy. Hence, TNBC can benefit from gene therapy approaches, including endogenous miR modulation. When a miR that is upregulated intimately contributes to breast cancer progression (for example, miR-221; ref. 30) , an oncogenic miR inhibition therapy can be used to sterically hinder the miR expression via an antagomiR. Additionally, if a miR is downregulated in breast cancer (for example, miR-205; ref. 31) , the delivery of mature miRs (miR mimic oligonucleotide with the same sequence as the endogenous mature miR) would restore balanced miR expression levels. We hypothesized that co-delivery of antagomiRs and miR mimics would synergistically abrogate tumours. We further devised that device efficacy would be enhanced if stabilized in a helical structure and protected by an adhesive hydrogel formed in situ that coats the tumour. Hence, this study reports on the development of a novel RNA-triple-helix hydrogel scaffold through programmable self-assembly of the two miR sequences to provide a stable and efficient nanovehicle for in vivo miR local delivery (Fig. 1a) . Conjugating the RNA-triple-helix to dendrimer (triplex nanoparticles) that forms an adhesive hydrogel upon mixing with dextran aldehyde affords local and controlled Figure 1 | Self-assembled RNA-triple-helix hydrogel nanoconjugates and sca old for microRNA delivery. a, Schematic showing the self-assembly process of three RNA strands to form a dual-colour RNA triple helix. The RNA triplex nanoparticles consist of stable two-pair FRET donor/quencher RNA oligonucleotides used for in vivo miRNA inhibition (miR-221 antagomiR) strategy and miRNA replacement therapy (miR-205 mimic). b, Secondary structure of an RNA triple helix bearing both miR-205 mimic and miR-221 antagomiR (structure produced/adapted using M-fold software). c, Formation of the RNA-triple-helix hydrogel sca olds by conjugation of the RNA-triple-helix structure to PAMAM G5 (Cryo-EM image showing the branched sponge-like nanoscopic structure) followed by reaction with oxidized dextran to form the adhesive hydrogel. d,e, High-resolution SEM image of RNA microstructures (3.4 ± 1.1 µm) (d) composed of small RNA-triple-helix-dendrimer nanoparticles (56.6 ± 3.9 nm) (e). f-h, High-resolution SEM images of RNA macrostructures embedded in the dextran-dendrimer hydrogel sca olds.
release of the two miRs. The RNA-triple-helix structure consists of stable two-pair FRET donor/quencher RNA oligonucleotides able to report on the in vivo release of the miRs on conjugation to complementary targets.
Optimization of RNA-triple-helix nanoconjugates/sca olds
The RNA triplex nanoparticles are formed by complexation of the triple-helix strands (Fig. 1b) with polyamidoamine (PAMAM) G5
dendrimer creating a branched sponge-like nanoscopic structure readily visible using cryo-electron microscopy (cryo-EM, Fig. 1c and Supplementary Fig. 1 ) and in the high-resolution scanning electron microscope (SEM, Fig. 1d ,e and Supplementary Fig. 1) images. Micron-level RNA aggregates (3.4 ± 1.1 µm as measured by SEM, Fig. 1d ) are formed by interactions between the RNA triplex nanoparticles (56.6 ± 3.9 nm as measured by SEM, Fig. 1e ) and the naked PAMAM G5 dendrimer (5.3 ± 0.7 nm as measured by cryo-EM, Supplementary Fig. 2a,b) . The cationic surface of the dendritic system provides an easy platform for attaching RNA via electrostatic interactions between the positively charged terminal amines from PAMAM dendrimers and the negatively charged RNA phosphate. These triplex nanoparticles exhibit densely packed molecular structures ( Supplementary Fig. 2c,d ) of approximately 50 nm in diameter, which is also confirmed by dynamic light scattering (DLS) analysis revealing a hydrodynamic diameter of 48.4 ± 5.7 nm. Next, we confirmed that the branched spongelike dendritic structures contain complexed RNA using SYBR green II staining ( Supplementary Fig. 2e ), a sensitive dye used to detect RNA. The green fluorescence emitted from the RNA triplex nanoparticles confirms that this structure is composed of dendrimer containing RNA. This 3D RNA structure is then allowed to react with dextran aldehyde to form a dextran-dendrimer-RNA triplex hydrogel (Fig. 1f-h ) affording local administration of both the carrier and cargo while forming a strong adhesion to the tumour tissue 32, 33 . High-resolution SEM images of the hydrogels confirm that the triplex nanoparticles are maintained and dispersed throughout the scaffold following adhesive formation (Fig. 1f-h and in Supplementary Fig. 3a-f) .
Therefore, this self-assembled platform provides control over multiple length scales: RNA triplex assembly at the nanoscale (small dendrimer triplex nanoparticles, ∼50-60 nm, Fig. 1e ), dendrimertriplex complexation followed by their aggregation at the microscale (∼3-4 µm, Fig. 1d ), and adhesive hydrogel formation following dextran addition at the macroscale (>1 mm, Fig. 1f-h) .
The dual-colour RNA triple helix was constructed using three strands of RNA oligonucleotides, denoted as miR-205 sense, antisense and antagomiR-221 (RNA oligomers sequences are depicted in Supplementary Table 1 ). The miR-205 sense comprises a 28 nt RNA oligo double-modified with a Black-Hole dark quencher (BHQ2) at the 5 end and a cholesterol molecule at the 3 end. The latter neutral lipid was used to facilitate the permeation of cell membranes, improve co-transfection efficiency in vivo and protect oligonucleotides from degradation 34 . The miR-205 antisense comprises a 28 nt RNA oligo modified with a near-infrared (NIR) dye, Quasar 705 (Q705), at the 3 end. The antagomiR-221 represents a 30 nt RNA oligo modified with a Quasar 570 (Q570) at the 3 end. The absorbance spectra of RNA oligonucleotides alone and conjugated to form the double and triple helices are depicted in Supplementary Fig. 4 . The triplex design affords quenching effects between the dye/quencher pair, indicating the specific spatial proximity of the three RNA oligonucleotides composing the 3D structure and, consequently, the formation of the triplehelix assembly.
To verify the RNA-triple-helix formation and determine the optimal molar ratio between the three oligonucleotides, the fluorescence intensity of the RNA oligonucleotides (two doublehelix-or triple-helix-forming structures) with graded molar ratios was measured at room temperature using a live imaging system (Fig. 2a) . A nearly 100% quenching effect (no fluorescence emission) induced by the proximity of the chromophores with the quencher BHQ2 can be observed at a 1:1:1 molar ratio or higher. The emission spectra of these samples are depicted in Supplementary  Fig. 5 and the region of interest (ROI) quantification of the Q570 and Q705 channels for several molar ratios are shown in Supplementary Fig. 6 .
Efficient formation of the triple helix composed of the three oligonucleotides-miR-205 sense and antisense and antagomiR-221 (Fig. 2b )-occurs at a 1:1:1 molar ratio at room temperature in incubation buffer, 10 mM Tris buffer (pH 7) supplemented with 10 mM MgCl 2 , 1 mM spermine and 0.8 mM of CuSO 4 . The copper ions were introduced to favour the intercalation of the nitrogen atoms in the minor groove of the triplex where copper binding occurs 35 . Successful self-assembly of the RNA triple helix (lane 7) was also confirmed using gel electrophoresis at 25
• C, as seen by the slower migration rates compared with the two double helices (lanes 4 and 5) and with the single RNA oligonucleotides (lanes 1-3) (Fig. 2c) .
To ensure proper triplex function in vivo, triplex stability was examined under (pre)clinically relevant conditions, including temperature, pH, and in the presence of urea, which is capable of denaturing and dissociating dsRNAs. RNA oligonucleotides melting temperature (T m ) was examined in the triplex form (T m = 74.5 ± 3.2
• C), the ssRNA oligonucleotides alone (T m = 55.1 ± 1.9
• C) and the double-helix form; miR-205 sense and antisense (T m = 63.1
• C) and miR-205 sense and antagomiR-221 (Fig. 2d) . The shift in T m of the triplex to 75
• C points at a highly stable structure.
Extensive and meticulous characterization of the triplex formation was performed using several competition assays (see Supplementary Information), such as ionic strength 36, 37 ( Supplementary Fig. 7 ), temperature profiles ( Supplementary  Fig. 8 ), urea stability 38 ( Supplementary Fig. 9 ), serum stability (Supplementary Fig. 10 ) and pH ( Supplementary Fig. 11 ). These results corroborate the high stability of the triplex in the presence of ultralow concentrations of magnesium, at high temperatures (that is, 65
• C), in physiological and super-physiological concentrations of urea, in long exposure to 50% serum and in a pH range of 5-9.
To ensure triplex in vivo recognition by the transcriptional machinery following miR strands intracellular delivery, triplexes were incubated with recombinant human Dicer and AGO2/EIF2C2 enzymes ( Supplementary Fig. 12 ). These enzymes are responsible for the recognition and unwinding by RISC and by the Argonaute protein family (specially, AGO2; ref. 39) . The RNA-triple-helix oligonucleotides were recognized and cleaved into smaller RNA products only in the presence of recombinant AGO2, when compared to the RNA triple helices without AGO2 treatment. Hence, the strong RNA-triple-helix recognition by AGO2 depicts the self-assembled RNA triple helix as a highly specific structure.
To verify dendrimer-triplex complex formation, an electrophoretic mobility shift assay (EMSA) was performed on agarose gel using increasing concentrations of PAMAM G5 (0.01-5 mg ml −1 ), pre-incubated with 1 µM of the RNA triple-helix ( Supplementary Fig. 13a ). Indeed, a substantial change in the electrophoretic mobility of RNA triple helix complexed with PAMAM G5 is evident for dendrimer concentrations higher than 0.025 mg ml −1 , pointing at successful complexation. Whereas PAMAM G5 alone imparts cytotoxicity in a dose-dependent manner (0.1-5 mg ml −1 ) ( Supplementary Fig. 13b ), its complex with RNA triplex or control triplex is cyto-compatible even at high dendrimer concentrations.
Cellular internalization of RNA-triple-helix nanoconjugates
We next studied the cellular uptake of the complex PAMAM G5 dendrimer (Mr. 28 kDa) with the RNA oligonucleotides using the MDA-MB-231 TNBC cell line. With an extraordinary cellular uptake efficiency, analytical flow cytometry data showed that RNA triplex nanoparticles (0.05 mg ml −1 of dendrimer complexed with 1 µM of triplex oligonucleotides) were able to transfect nearly 100% (99.8 ± 2.5%) of the cancer cells with a strong and uniform signal from both dyes (Q705 and Q570) (Fig. 2e) . The RNAdendrimer complexes could accumulate in MDA-MB-231 cells, as verified by confocal microscopy at 24 h (Fig. 2f) . Confocal imaging showed efficient uptake of the RNA-dendrimer into targeted cells, as demonstrated by the outstanding co-localization and overlap of the dual-colour RNA triple helix at 24 h (Fig. 2f) . Confocal images of cellular uptake kinetics for cells incubated with RNA triplex nanoparticles for 0.5, 3, 6, 24 and 48 h are depicted in Supplementary Fig. 14 , showing that the triplex nanoparticles are internalized by cells at 3 h with a maximum peak of cellular uptake at 48 h. The evaluation of cellular uptake was also performed following the administration of both RNA double helices separately ( Supplementary Fig. 15 ). However, flow cytometry and confocal data reveal only moderate uptake efficiency of 38% (38.3 ± 7.6%) for each of the RNA double helices when provided separately, when compared to the excellent uptake of the triple helix (99.8 ± 2.5%), confirming that co-transfection with RNA triple helix is far more efficacious. Higher triplex efficacy is a result of improved triplex stability. Furthermore, the dendrimer amine binding groups available for interaction with the double or triple helices are finite, hence a higher 'effective' amount of each sequence will be complexed to the dendrimer surface when in a triplex structure. 
Uptake mechanism of RNA-triple-helix nanoconjugates
It is well known that nanoparticles utilize different endocytosis mechanisms for cellular uptake. Generally, endocytosis can be divided into macropinocytosis, clathrin-dependent endocytosis and caveolae-mediated endocytosis 40 . To decipher the uptake mechanism of the triplex-dendrimer compared to naked dendrimer, we utilized molecules capable of inhibiting each of these cellular pathways at a time. The endocytosis inhibitors used were chlorpromazine, filipin, rottlerin, brefeldin A, colchicine and chloroquine, whose endocytic function and structure can be found in Supplementary Fig. 16 .
In the absence of small-molecule inhibitors, the naked PAMAM dendrimer (labelled with Alexa Fluor 594, Fig. 3a ) and the dendrimer complexed with triplex oligonucleotides (0.05 mg ml −1 of dendrimer complexed with 1 µM of oligonucleotides, Fig. 3b ), co-localization within the lysosomes at 0, 3, 6, 24 and 48 h after exposure was studied. The co-localization of naked dendrimer with the lysosomes is more evident than the dendrimer complexed with triplex oligonucleotides and decreases with time, which is consistent with the accumulation of PAMAM dendrimer in lysosomes and with dendrimers' capability to escape the endosome via the 'proton-sponge effect' . Here the 'proton-sponge effect' occurs when unprotonated dendrimers absorb protons as they are pumped into the lysosome, resulting in more protons being pumped in, leading to an increased influx of Cl − ions and water, resulting in swelling and rupture of the lysosomal membrane with subsequent release into the cytoplasm 41 . At 48 h, the naked dendrimer was almost completely recycled-that is, trafficking to the extracellular milieu has occurred as evident by the marked decrease in fluorescence signal (Fig. 3a) . However, when the dendrimer is complexed with the RNA triple helix the co-localization of these particles with the lysosomes is no longer evident even after 48 h of incubation (Fig. 3b) . It seems that these nanoconjugates do not strongly co-localize with lysosomes like the naked dendrimers, suggesting that they might enter cells via a different uptake mechanism.
In the presence of small-molecule inhibitors, the internalization and sub-cellular localization of naked dendrimers and triplexdendrimer nanoparticles was visualized by confocal microscopy (Fig. 3c,e) and quantified by analytical flow cytometry (Fig. 3d,f) . A significant reduction in naked PAMAM dendrimer uptake and permeability was observed in the presence of the endocytosis inhibitors filipin (blocks caveolae endocytosis) and brefeldin A (Fig. 3c) . Filipin reduced naked PAMAM uptake by 94.2 ± 2.7% and brefeldin A reduced the uptake by 92.2 ± 2.5% (Fig. 3d) . These findings support previous results that naked cationic dendrimers like PAMAM are endocytosed 42 probably via caveolae endocytosis. Interestingly, when dendrimer is complexed with the RNAtriple-helix oligonucleotides to form the triplex nanoparticles the uptake mechanism changes completely. Now, a significant reduction in uptake and permeability was observed in the presence of the macropinocytosis inhibitors rottlerin and colchicine (also microtubules inhibitor) (Fig. 3e) . Rottlerin reduced triplex nanoparticles uptake by 78.6 ± 2.1% and colchicine reduced the uptake by 71.1 ± 1.5% (Fig. 3f) . Macropinocytosis is usually initiated by extensive plasma membrane reorganization or ruffling to form an external macropinocytic structure that is then enclosed and internalized 43 . As macropinocytosis is dependent on microtubule function, and these structures are implicated in plasma membrane ruffling 44 , colchicine that interferes with microtubule trafficking through binding to tubulin subunits, uptake of triplex (Fig. 3e,f) and control triplex ( Supplementary Fig. 17 ) nanoparticles was significantly reduced. In summary, naked dendrimers and triplexdendrimers utilize completely different mechanism to enter the cells. Whereas naked PAMAM dendrimers utilize endocytosis to enter cells and bypass the lysosomes, the triplex-dendrimer nanoconjugates utilize micropinocytosis, probably by triggering actin-mediated membrane ruffling.
This difference in uptake mechanisms is highly dependent on the particles' physicochemical characteristics 45 . Properties such as size and charge are ascertained to influence the endocytosis of these kind of nanomaterials. Zeta potentials of naked PAMAM dendrimer (+52.7 ± 1.5 mV) and dendrimer-triplex nanoparticles (−19.6 ± 4.6 mV) revealed that naked dendrimers are highly cationic, whereas when complexed with the RNA triple helix they are slightly anionic. Usually the cationic particles strongly interact with the membrane and enter cells rapidly, whereas anionic particles can enter cells by binding to the positive site of the membrane 45 . Moreover, the size of these nanoconjugates is also significantly altered. The dendrimer-triplex assembly structures size is 48.4 ± 5.7 nm in diameter (as measured by DLS) and their aggregation occurs at the microscale (3.4 ± 1.1 µm as measured by SEM, Fig. 1d ), whereas the naked dendrimer size is only 6.7 ± 0.4 nm in diameter as measured by DLS and 5.3 ± 0.7 nm as measured by cryo-EM ( Supplementary Fig. 2a,b) . In fact, nanoparticles larger than 1 µm are most likely to be engulfed via macropinocytosis, whereas the size involved in caveolae-mediated endocytosis is about 60-80 nm (ref. 40) , all consistent with the dendrimer-triplex microstructure and the naked dendrimer sizes.
Impact of miRs delivery on breast cancer cells' phenotype
The impact of miRs delivery on cancer cells was evaluated. We first confirmed the reduction in miR-221 (oncogenic) expression level and enhancement of miR-205 expression (tumour suppressor) following treatment with the RNA triple helix compared with the control triple helix (triplex formed with scrambled miR sequences) after 24, 48 and 72 h of incubation (Fig. 4a) . To corroborate these results, a luciferase reporter was constructed to assess RNA triplex nanoparticles activity, which proves the functional role of altering the expression of the studied miRNAs in abrogating cancer ( Supplementary Fig. 18 ).
We then proceeded to examine the phenotypic effects of miR replacement and oncomiR inhibition via a RNA-triple-helix vehicle in tissue culture. Hence, the tumorigenicity of MDA-MB-231 cells was evaluated by measuring the half maximal inhibitory concentration (IC 50 ) via a MTT assay (Fig. 4b) , cell migration/proliferation via a wound closure assay (Fig. 4c) , and cell growth and viability using a clonogenic survival assay with crystal violet (Fig. 4d,e) following treatment with RNA-dendrimer complexes (0.05 mg ml −1 of dendrimer complexed with 1 µM of triplex oligonucleotides). RNA triple helices significantly inhibited the growth of MDA-MB-231 cells compared with the two double helices (Q570 and Q705), and with a control triplex (Fig. 4b) .
Cell migration and proliferation were studied using a wound closure assay where cells were allowed to grow in a 24-well plate until confluency and a wound was created using a sterile pipette tip. The cells were then incubated with the RNA-dendrimer complexes and wound closure was monitored using light microscopy. Cells treated with a control triplex were able to close the wound almost completely (∼90%) within 72 h ( Fig. 4c and Supplementary Fig. 19 ). Cells treated with the two double-helix miRs separately showed a partial closure of the wound over this time frame (75% for Q570 and 35% for Q705 oligonucleotides), whereas cells treated with the RNA triple helix were not able to close the wound at all. These data indicate that the delivery of both mimic miR-205 and antagomiR-221 almost completely eliminates the motility of MDA-MB-231 cells (Fig. 4c) . A remarkable reduction in cell survival of about 95% following RNA-triple-helix delivery was observed after 72 h of incubation using a clonogenic survival assay, when compared with a control triplex (Fig. 4d,e and Supplementary Fig. 19 ).
Taken together, these data confirm that the dual miR delivery provided by the RNA triple helix for the replacement of the miR-205 and the inhibition of the miR-221 exploit endogenous pathways to exert the desired phenotypic response of breast cancer cells, controlling the cell migratory behaviour.
Characterization of RNA-triple-helix hydrogel sca olds
We hypothesized that efficacious delivery of the RNA-triplehelix hydrogel nanoconjugates would be achieved by coating the breast tumour with the adhesive hydrogel scaffold 33 Control triplex * * * * * * * * * * * * * * * * * * * * * * * * * miRNA levels were normalized to the RNU6B reference gene. b, Cell viability via an MTT assay for 24, 48 and 72 h (n = 3, statistical analysis performed with a two-tailed Student's t-test, * * , P < 0.01; * , P < 0.05). c, RNA-triple-helix nanoparticles restrict MDA-MB-231 cell migration. d,e, The number of colonies in the cells transfected with the RNA triple helix was compared with the control triplex at 24, 48 and 72 h of incubation (d). Graph (e) depicts the absorbance of the crystal-violet-stained colonies (dissolved in methanol) at 540 nm (n = 3, statistical analysis performed with a two-tailed Student's t-test, * * , P < 0.01; * , P < 0.05). All experiments were done in triplicate and error bars plotted as standard deviation (s.d.).
nanoparticles used for local gene delivery 32, 46 . A fluorescent image of the dual-colour RNA triple helix in the form of a hydrogel scaffold is depicted in Fig. 5a . Epi-fluorescence images following hydrogel cryo-sectioning show a distinct and punctuate signal from the RNA-triple-helix nanoparticles throughout the hydrogel network (Fig. 5b) . The RNA-triple-helix hydrogel nanoconjugates that were pre-incubated with the complementary target for both strands show a positive fluorescence signal, whereas the ones without target do not show any fluorescence signal from the triple helix. This confirms that individual RNAtriple-helix modules complexed with the hydrogel network retained their original folding (Supplementary Fig. 20 ). Triplehelix nanoparticles (1 µM of RNA oligonucleotides complexed with 5% PAMAM G5 dendrimer) were mixed with 5% dextran aldehyde to form a hydrogel to a total of 12.5% dendrimer amine. RNA-triple-helix hydrogel scaffolds showed high triplex Ex vivo images of breast tumours and whole body organs (T, tumour; Lv, liver; K, kidneys; S, spleen; H, heart; Lu, lung; Int, intestines) are also presented. d, Haematoxylin and eosin (H&E) stains of tumours from treated groups with hydrogels embedded with RNA-triple-helix nanoparticles and with a control triplex (scrambled miRs). e, Immunohistochemical evaluation of tumours treated with hydrogels embedded with RNA-triple-helix nanoparticles and with a control triplex for Ki67 to evaluate tumour cell proliferation. f, Tumour size following treatment (n = 5, statistical analysis performed with a two-way ANOVA, * * , P < 0.01; * , P < 0.05). Individual tumours were measured using a Vernier calliper and tumour volume was calculated by: tumour volume (mm 3 )
= width × (length 2 )/2. g, Kaplan-Meier curves for mice treated with hydrogel sca olds loaded with triple-helix and control triple-helix nanoparticles, as well as for the drugs (DOX, PTX and Avastin). Statistical analysis (n = 5) was performed with a Log-Rank Mantel-Cox test (P = 0.006). Survival cuto criteria included tumour ulceration or compassionate euthanasia, aggregate tumour burden >1 cm in diameter, or if tumour impedes eating, urination, defecation or ambulation. Arrow represents the day of hydrogel implantation (day 22 post tumour induction). h, Heat-map summary of gene expression profiling of the miRs and their related genes that play key roles in cancer progression and migration.
stability, with a complete discharge release within 24 to 48 h (Supplementary Fig. 21 ).
In vivo miRNA modulation via RNA-triple-helix sca olds
Next, we proceeded to study the in vivo nanoconjugates pharmacokinetics and platform therapeutic efficacy in an orthotopic breast cancer mouse model. 49 . Hydrogel scaffolds loaded with the RNA oligonucleotides (1 µM of RNA oligonucleotides doped in 5% PAMAM G5 dendrimer) or drugs (at final concentration: DOX = 0.8 µM; PTX = 300 µM; Avastin = 0.07 µM, see Supplementary Fig. 22 ) were implanted adjacent to the tumour in the mammary fat pad of SCID hairless congenic mice when tumours reached a desired volume of ∼100 mm 3 . Inhibition of tumour progression was measured by luciferase expression while each RNA oligo release was tracked fluorescently (Fig. 5c ) via a live imaging system for two weeks post-hydrogel implantation. No signs of inflammation were observed at the surgical site and no changes in body weight were observed before or after breast tumour induction or hydrogel implantation ( Supplementary Fig. 23 ), suggesting that hydrogels are biocompatible with no associated toxicity or side effects. Bioluminescence imaging of mice (Fig. 5c ) and tumour size measurements (Fig. 5f ) revealed that only the RNA-triplehelix hydrogel scaffolds (that carry the mimic miR-205 and the antagomiR-221) were able to promote efficient and sustained inhibition of tumour progression, with almost 90% tumour size reduction (n = 5, P < 0.001) 13 days after hydrogel disk implantation. Conversely, 50% tumour reduction was attained following each miR administration separately ( Supplementary  Figs 24-26) , whereas hydrogel only, control triplex (scrambled miRs) and Avastin-loaded hydrogel showed no tumour size reduction. DOX-and PTX-loaded hydrogels showed a 25% and 35% reduction in tumour size, respectively.
In fact, treatment with drug-loaded hydrogels revealed that at early time points (1 to 3 days) the administration of DOX and PTX significantly reduced the onset of tumour progression (as judged by tumour size in Fig. 5f and in vivo luciferase signal in Supplementary Fig. 27a,c) . However, this reduction was temporary and diminished as the tumour continued to grow. In fact, traditional chemotherapeutic agents are often associated with the recurrence of tumour after several days of treatment, requiring multiple administrations, which is consistent with the results presented here. The high efficacy following miR delivery stems from the selective and specific delivery to tumour cells only compared with the nonselective chemotherapeutic drug uptake. In fact, our strategy of inhibiting an oncogenic miR-221 and providing a tumour suppressor miRNA (miR-205) simultaneously leads to a potent and long-lasting tumour inhibition.
RNA nanoconjugates uptake and biodistribution were examined by quantifying fluorescence images of mice organs (liver, kidneys, spleen, heart, lungs and intestines) 13 days post-implantation (treatment groups in Fig. 5c , control groups in Supplementary  Figs 24-26) . At 13 days, 20-30% of the miRs persist in the tumoral tissue exclusively (Fig. 5c) , when compared to major organs. No fluorescence signal was found in any of the major organs. A time curve documenting the triplex signal (Q705 and Q570 dyes) in organs harvested from mice treated with the RNA-triple-helix hydrogel scaffolds for 2, 6, 24, 48, 72 h and days 5, 8, 11 and 13 is depicted in Supplementary Fig. 28 . The triplex nanoparticles accumulate exclusively in the tumour tissue, as demonstrated by the ex vivo images of the organs (Supplementary Fig. 28b ) and time curve for each organ ( Supplementary Fig. 28c,d ). There is no accumulation of the triplex nanoparticles in any major organ in any of the time points during the 13 days, except some background signal in the intestine (also observed at 0 h of incubation).
Intriguingly, we found staggered release kinetics of the two miRs. The maximum fluorescence peak occurs at 24 h for the tumour suppressor miR-205 and only at 48 h for the antagomiR of the miR-221 (Supplementary Figs 25 and 26 ). This staggered kinetics suggests that the miR-205 is initially processed by the RISC complex and by Ago2 and then the antagomiR. Taken together, these results prove that our system is able to initially enhance the expression of a tumour suppressor miR and 24 h later to inhibit the oncogenic miR responsible for breast tumour progression and proliferation. Our data confirm the capacity of this platform to provide efficient in vivo miR replacement therapy and to promote oncogenic miR inhibition.
H&E staining of breast tumour sections showed evidence of extensive reduction in vascularization for mice treated with RNAtriple-helix scaffold (Fig. 5d) , when compared to control triplex, in accordance with tumour size reduction due to miRNAs delivery to the tumour microenvironment. An increasing number of large blood vessels can be found in the control triplex groups (Fig. 5d) . Immunohistochemical analysis showed that the expression of Ki67, a cellular marker strictly associated with cell proliferation, was reduced only after treatment with hydrogels embedded with RNA-triple-helix nanoparticles (Fig. 5e) .
A survival study was performed for mice treated with hydrogel scaffolds loaded with the triplex and control triplex, as well as for the chemotherapeutic drugs (DOX, PTX and Avastin) (Fig. 5g ). Mice implanted with RNA-triple-helix hydrogel scaffolds showed a highly significant survival advantage (P = 0.006) compared with hydrogel only, with control triplex hydrogels and with drug-loaded hydrogels (Fig. 5g) . Survival correlates with the significant tumour size reduction observed mainly in mice treated with RNA-triple-helix hydrogel scaffolds (Fig. 5f) .
Following miR delivery, we investigated the tumour genetic expression profile of LAMC1, E2F1 and p53 (regulated by miR-205) and E-cadherin, Snail1 and Slug (Snail2) (regulated by miR-221). These key genes are major regulators of cell cycle progression (E2F1), tumour suppressor (p53) or major components of extracellular matrix involved in cell adhesion, proliferation and migration (LAMC1, E-cadherin, Snail1 and Slug ). The heat-map depicts qPCR analysis of RNA extracted from resected tumours (Fig. 5h) . Quantitative PCR determination of gene expression levels in mice treated groups for all the studied genes can be found in Supplementary Fig. 29 . This genetic screening shows that miR-205 directly targets LAMC1, a protein altered in human breast cancer that has been implicated in a wide variety of biological processes, including cell adhesion, differentiation, proliferation, migration, signalling and metastasis 31 . When miR-205 expression is enhanced by the triple-helix scaffold, the expression of LAMC1 decreases considerably, altering cancer cells proliferation, as corroborated by our in vitro (Fig. 4) and in vivo data (Fig. 5) . miR-205 also directly targets E2F1, a gene that is overexpressed in triplenegative breast tumours 31 , in which the level of miR-205 is low. We found that increasing the miR-205 expression by the delivery of RNA-triple-helix scaffolds substantially decreases the expression of E2F1. Hence, these results demonstrate that E2F1 is a target of miR-205 in triple-negative breast cancer tissues. Interestingly, p53 acts like an enhancer of miR-205 expression, as the increase in the expression of this miR is followed by the upregulation of p53 (Fig. 5h) . miR-221 expression, which is found to be upregulated in triple-negative breast tumours (Fig. 5h) and in a panoply of cancer types 30 , has been shown to directly target proliferation and adhesion genes, such as E-cadherin, Snail1 and Slug (Snail2). We found that the inhibition of miR-221 alters E-cadherin expression and its regulatory transcription factors Snail and Slug with a corresponding strong reduction in cell migration and invasion in breast tumours. Downregulation of miR-221 increases E-cadherin levels and decreases the expression levels of Snail and Slug (Fig. 5h) . Moreover, the expression of VEGF is highly downregulated, in particular in mice treated with RNA-triple-helix scaffolds, where the inhibition of tumour size is more significant (Fig. 5c,f) . Taken together, these gene expression data validate the ability of the RNA-triple-helix scaffold to inhibit oncogenes and to enhance immunosuppression capacity, resulting in efficient tumour reduction of nearly 90%, achieved only following dual miR therapy (Fig. 5f ).
Outlook
We report herein on a novel strategy for concomitant oncomiR inhibition and tumour suppressor miR replacement therapy using a RNA-triple-helix hydrogel scaffold that affords highly efficacious local anticancer therapy. Self-assembled RNA-triplehelix conjugates remain functional in vitro with high selective uptake and control over miR expression compared to their respective single-stranded or double-stranded forms. Hence, cancer gene delivery systems should provide potent, selective and specific treatment to tumour cells only, unlike the standard delivery of most conventional chemotherapeutic drugs. This approach can be implemented to design self-assembled triplex structures from any other miR combination, or from other genetic materials, including antisense DNA or siRNA, to treat a range of diseases.
Methods
Methods and any associated references are available in the online version of the paper.
Preparation of self-assembled RNA triple helix. The dual-colour RNA triple helix was constructed using three pieces of RNA oligonucleotides (Biosearch Technologies Inc.), denoted as miR-205 sense and antisense and antagomiR-221. The miR-205 sense comprises a 28 nt RNA oligo double-modified with a Black-Hole dark quencher (BHQ2) at 5 and a cholesterol molecule at 3 , and the miR-205 antisense comprises a 28 nt RNA oligo modified with a NIR dye, Quasar 705, at the 3 . The antagomiR-221 represents a 30 nt RNA oligo modified with a Quasar 570 at the 3 . Scrambled miRs (Biosearch Technologies) synthesized with the same modifications and dyes were used to form a control triple helix. The three RNA strands were mixed in an equal molar ratio (1:1:1, final concentration 1 µM each) or several combination ratios at room temperature in incubation buffer: 10 mM Tris buffer pH 7 (Bio-Rad) supplemented with 10 mM MgCl 2 (Sigma), 1 mM spermine (Sigma) and 0.8 mM of CuSO 4 (Sigma), and then heated up to 80 • C for 5 min and rapidly cooled to 4 • C.
Characterization and competition assays. Presence of urea. The concentration of single RNA and the RNA-triple-helix oligonucleotides (equal molar ratio 1:1:1, final concentration 1 µM each) was fixed and the samples were loaded on 20% TBE PAGE gel without and with urea (0.007 and 7 M) (Invitrogen).
Different temperatures and melting experiments. The three RNA strands were mixed in an equal molar ratio (1:1:1, final concentration 1 µM each) and were incubated for 30 min at 25, 37 and 65 • C and then loaded onto a 20% TBE gel (Invitrogen). Melting experiments were conducted by monitoring the fluorescence of the SYBR Gold (Invitrogen) intercalated-RNAs using a Light Cycler 480 II Real-time PCR machine (Roche). Briefly, 1 × SYBR Gold dye (Excitation/Emission = 495/537 nm, Invitrogen), which is 25-100 times more sensitive than ethidium bromide and detects dsRNA, ssRNA and DNA. The single RNA and the RNA-triple-helix oligonucleotides (equal molar ratio 1:1:1, final concentration 1 µM each) were mixed at room temperature in incubation buffer. The RNA samples were slowly cooled from 95 to 20 • C at a rate of 0.11 • C s −1 . Data were analyzed with a Light Cycler 480 II Real-time PCR machine software using the first derivative of the melting profile. The first derivative of the melting temperature is calculated as follows: dRFU/dT , with RFU being the relative fluorescence units (from the SYBR Gold) and T the temperature (in Celsius) for each cycle of measurement. The first derivative of this function tells us how whether the temperature is increasing or decreasing, and by how much it is increasing or decreasing. In other words, for each temperature point, the average value of a reference curve is calculated and subsequently subtracted from each sample's normalized RFU value to generate a difference plot. Consequently, a vertical shift in fluorescence intensity on the y-axis, following reference signal subtraction, is used to identify temperature profile differences. The T m value represents the mean and standard deviation of three independent experiments. Different pHs. The concentration of single RNA and the RNA-triple-helix oligonucleotides in equal molar ratio (1:1:1, final concentration 1 µM each) was fixed and the samples were incubated with different pH solutions (from 3 to 12) for 30 min and then loaded on 20%TBE gel (Invitrogen).
Stability assay in serum. The single RNA and the RNA-triple-helix oligonucleotides were incubated in 50% fetal bovine serum (Gibco). A sample of RNA was taken at 0, 5, 10, 24, 48 and 72 h time points after incubation at 37 • C, followed by analysis using 20% TBE gel (Invitrogen).
Quenching/Fluorescence assays. The RNA strands were mixed in an equal molar ratio (1:1:1, final concentration 1 µM each) or at several combination ratios at room temperature in incubation buffer and then heated up to 80 • C for 5 min and rapidly cooled to 4 • C. After this, fluorescence spectra were taken using a microplate reader (Varioskan Flash Multimode Reader, Thermo Scientific) and fluorescence images taken using the IVIS Spectrum-bioluminescent and fluorescent imaging system (Xenogen XPM-2 Corporation). The Quasar570 has an Excitation/Emission at 548/570 nm and the Quasar705 at 690/705 nm.
Specifity assay with recombinant Dicer and Ago2. For the recognition of miRs and the concomitant dissembly of the RNA triple helix by the Dicer and Ago2 proteins, the RNA triple helix was previously incubated in an equal molar ratio 1:1:1, final concentration 1 µM of each oligo to form the structure. For DICER specificity assay, increasing amounts of recombinant human Dicer (Genlantis) from 0.5 to 2 units were incubated with 1 µM of the triple-helix oligonucleotides for 16 h at 37 • C and then collected and inhibited by adding Dicer stop solution (Genlantis). The samples were then run on a 20% TBE gel (Invitrogen) to evaluate the by-products of the reaction. For Ago2 assay, increasing amounts of recombinant human AGO2/EIF2C2 (Sino Biological) from 5 to 160 ng were incubated with 1 µM of the triple-helix oligonucleotides for 60 min at 37 • C. Reactions were stopped by incubation at 65 • C for 30 min. The samples were then run on a 20% TBE gel (Invitrogen) to evaluate the by-products of the reaction.
General characterization of the self-assembled RNA triple helix was performed by dynamic light scattering (DLS; Wyatt Dyna Pro Plate Reader), zeta potential (Zetasizer Nano-ZS90 Malvern), fluorescence and ultraviolet/visible spectroscopy and high-resolution SEM (Zeiss Merlin High-resolution SEM, EHT = 3.00 kV, I Probe = 80 pA, Signal A = InLens or HE-SE2) and high-resolution Cryo-TEM (JEOL 2100 FEG TEM).
In vitro RNA-triple-helix-dendrimer nanoconjugates delivery. MDA-MB-231 triple-negative breast cancer cells (ATCC Cat. No. HTB-26, tested for mycoplasma contamination by the Division of Comparative Medicine Diagnostic Lab at MIT via IMPACT PCR, which was negative) were grown in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 4 mM glutamine, 10% heat-inactivated fetal bovine serum (Gibco, Life Technologies), 100 U ml −1 penicillin and 100 µg ml −1 streptomycin (Invitrogen) and maintained at 37 • C in 5% CO 2 . Cells were seeded at a density of 1 × 10 5 cells/well in 24-well plates and grown for 24 h before incubation of RNA-dendrimer nanoconjugates (0.05 mg ml −1 of dendrimer complexed with 1 µM of triplex oligonucleotides). On the day of incubation, the cells were approximately 50% confluent. For confocal microscopy, cells were fixed with 4% paraformaldehyde in PBS for 15 min at 37 • C, stained with DAPI to allow nuclear staining and finally mounted in ProLong Gold Antifade Reagent (Invitrogen). Images of cells were taken with a Nikon A1R Ultra-Fast Spectral Scanning Confocal Microscope.
Lysosomal staining. To track the intracellular co-localization of PAMAM dendrimer alone, and the RNA-triple-helix-dendrimer nanoconjugates within lysosomes, Lysotracker Blue was used to label these structures. Briefly, cells were seeded at a density of 2 × 10 5 cells/well in 24-well plates and grown for 24 h prior to incubation of RNA-dendrimer nanoconjugates (0.05 mg ml −1 of dendrimer complexed with 1 µM of triplex oligonucleotides). During the final 30 min of the incubations with the RNA-dendrimer nanoconjugates, the lysosomal dye Lysotracker Blue DND-22 (Invitrogen) was included at a final concentration of 500 nM. Then, cells were fixed with 4% paraformaldehyde in 1× PBS for 15 min at 37 • C. Finally, cells were mounted in ProLong Gold Antifade Reagent (Invitrogen). Images of cells were taken with a Nikon A1R Ultra-Fast Spectral Scanning Confocal Microscope.
Uptake mechanism of the RNA-triple-helix-dendrimer nanoconjugates. To evaluate the uptake mechanism of the RNA triple-helix-dendrimer nanoconjugates, cells were treated with several internalization inhibitors. Briefly, cells were seeded at a density of 2 × 10 5 cells/well in 24-well plates and grown for 24 h before incubation of inhibitors and RNA-dendrimer nanoconjugates. Cells were then treated with chlorpromazine (10 µg ml −1 ), filipin (5 µg ml −1 ), rottlerin (10 µM), brefeldin A (5 µM), colchicine (10 µM) or chloroquine (10 µM) (all from Sigma) in normal culture medium for 60 min at 37 • C. Subsequently, PAMAM dendrimer alone (0.05 mg ml −1 ) and RNA-triple-helix-dendrimer nanoconjugates (0.05 mg ml −1 of dendrimer complexed with 1 µM of triplex oligonucleotides) were added and incubation was continued for 3 h. Subsequently, images of cells were taken with a Nikon A1R Ultra-Fast Spectral Scanning Confocal Microscope and the cells were analysed by flow cytometry (FACS).
Flow cytometry. MDA-MB-231 cells incubated with naked PAMAM G5 dendrimer alone or RNA oligonucleotides complexed with PAMAM G5 dendrimers were washed with PBS and detached with 0.25% trypsin-EDTA (Life Technologies). FACS running buffer (500 µl), consisting of 98% PBS and 2% heat-inactivated fetal bovine serum (Gibco, Life Technologies), was added to each well. Cells were mixed thoroughly and then transferred to the FACS tube with a filter lid, and the Alexa Fluor 594 signals (for naked dendrimer) and Q705 and Q570 signals (for triplex) were acquired on a FACS LSR Fortessa HTS-1 (BD Biosciences) flow cytometer.
Luciferase reporter to access nanoconjugates activity. For dual luciferase reporter experiments, the miRNA sensor was generated by inserting the antisense sequence to miR-205 or the sense sequence to miR-221 into the 3 untranslated region of luciferase on the vector. These cloning vectors were produced by Cyagen Biosciences. The vectors were constructed in Escherichia coli Stbl3 host to ensure sequence stability with ampicillin as the antibiotic resistance marker (the vector maps can be found in Supplementary Fig. 18) . The E. coli transformed with the vectors were grown in Luria-Bertani (LB) broth (Invitrogen) supplemented with 100 µg ml −1 of ampicillin (Invitrogen) at 37 • C overnight. After this, the vectors were extracted and purified from the cultured E. coli using a Plasmid Midi Kit (Qiagen). For vector transfection in human breast cancer cells, MDA-MB-231 cells not expressing luciferase were stably transfected with miR-Luc-vectors (1 µg per well) using Lipofectamine 3000 (Invitrogen) according to manufacturers' protocol. Cell lysates were measured with 150 µg ml −1 of D-luciferin (Caliper LifeSciences) for luciferase activity after 48 h of luciferase vectors transfection. Then cells were incubated with increasing amounts of the RNA-triple-helix-dendrimer nanoconjugates and controls for 24, 48 and 72 h and the optimal sensor activity was evaluated by a fluorescent imaging system (Xenogen XPM-2 Corporation) and quantification of cell lysate luminescence using a microplate reader (Varioskan Flash Multimode Reader, Thermo Scientific).
Cell viability and proliferation assays.
A standard MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide] reduction assay (Molecular Probes , Life Technologies) was performed to determine the viability of cells to increasing concentrations of PAMAM G5 dendrimer alone and when complexed with RNA oligonucleotides. Cells were seeded at a density of 1 × 10 5 cells per well in 24-well culture plates in complete DMEM (500 µl) with serum. After 24 h of exposure to dendrimer with and without RNA oligonucleotides, the medium was removed, the cells were washed twice with sterile PBS, and 300 µl of fresh medium with serum was added. Then 16.7 µl of sterile MTT stock solution (5 mg ml −1 in PBS) was added to each well. After incubation for a further 2 h, the medium was removed and the formazan crystals were resuspended in 300 µl of dimethyl sulphoxide (Sigma). The solution was mixed and its absorbance was measured with 540 nm as the working wavelength and 630 nm as the reference wavelength using a microplate reader (Varioskan Flash Multimode Reader, Thermo Scientific). The cell viability was normalized to that of cells cultured in the culture medium with PBS treatment.
For the wound closing assay (frequently used for evaluating migration rates of cells in culture), MDA-MB-231 cells were grown to >95% confluency in a 24-well plate and a wound was made using a sterile pipette tip. The cells were then incubated with the RNA-dendrimer complexes and the wound closure was monitored using light microscopy.
In the clonogenic survival assay, at 24 h after transfection, MDA-MB-231 cells were harvested and resuspended in the culture medium. In 24-well plates, 1 × 10
